Objective: Narcolepsy is a sleep disorder characterized in humans by excessive daytime sleepiness and cataplexy. Greater than fifty percent of narcoleptic patients have an onset of symptoms prior to the age of 18. Current general agreement considers the loss of hypothalamic hypocretin (orexin) neurons as the direct cause of narcolepsy notably cataplexy. To assess whether brain histamine (HA) is also involved, we quantified the cerebrospinal fluid (CSF) levels of HA and tele-methylhistamine (tMeHA), the direct metabolite of HA between children with orexin-deficient narcolepsy type 1 (NT1) and controls.
| INTRODUC TI ON
Narcolepsy type 1 (NT1) (also called hypocretin deficiency syndrome or narcolepsy with cataplexy) is a neurological disorder characterized by excessive daytime sleepiness (EDS), cataplexy (sudden loss of muscle tone triggered by emotions), hallucinations, sleep paralysis, impaired nighttime sleep, and short latency to rapid eye movement (REM) sleep after sleep onset. Recent reports on a possible increase in HA cells number in narcoleptic patients also support the importance of the HA/Hcrt interaction in the pathogenesis of narcolepsy. 5, 6 Moreover, a few studies have reported low CSF HA levels in patients affected with central disorders of hypersomnolence [7] [8] [9] especially in hypocretin-deficient and nonmedicated subjects. 8, 9 However, Dauvilliers et al found that CSF HA and tele-methylhistamine (t-MeHA), its sole and direct metabolite, did not significantly differ between patients with narcolepsy-cataplexy and other etiologies of nonhypocretin-1-deficient central hypersomnias. 10, 11 Thus, the current data regarding an involvement of HA in human narcolepsy remain conflicting.
More than half of narcoleptic patients have an onset of symptoms prior to the age of 18. 12, 13 Narcolepsy in children is usually characterized by prominent sleepiness and more spontaneous than emotionally triggered cataplexy than in adulthood. 12, 14 Obesity has been reported in 30% of adult narcoleptic patients, 15, 16 whereas it occurs in more than 50% of narcoleptic children 17, 18 with increasing body weight manifested in the early course of the disease. 19, 20 These children have also high prevalence of metabolic syndrome and precocious puberty reflecting broadly based hypothalamic abnormalities. 18, 20 In this context, investigating HA neurotransmission in narcoleptic children appears to constitute an interesting avenue and would allow detection of possible neurochemical changes close to disease onset. 21 In order to clarify the involvement of HA in narcolepsy, we evaluated HA neurotransmission in narcoleptic children with hypocretin deficiency (NT1) and control children (C) by (a) comparing their CSF levels of HA and t-MeHA, the direct metabolite of HA and marker of the HA turnover. 22, 23 Moreover, the ratio between t-MeHA and HA was used to evaluate the dynamics of the HA transmission, (b) analyzing the effects of age, gender, BMI z-score, CSF collection time for both groups, and (c) investigating possible correlations between disease duration, disease onset, presence of cataplexy, medication intake, CSF hypocretin-1, HA, and t-MeHA levels in narcoleptic patients.
| PATIENTS AND ME THODS

| Subjects
All narcoleptic children were seen in the national reference centers for narcolepsy in Lyon (n = 13) and in Montpellier (n = 11) and included in a larger study of the clinical and polygraphic aspects of narcolepsy (research program: NARCOBANK). 17 This study was approved by the local ethics committees. Parents signed the written consent form and the children were informed and signed the consent if they wished to.
All patients met the criteria for narcolepsy type 1 (1) Cerebrospinal fluid hypocretin-1 was determined in all narcoleptic patients in the Montpellier reference center as previously described. 29 CSF hypocretin-1 values were only determined in the 24 narcoleptic patients: 12 were drug-free while the 12 others had stopped their treatment at least 3 days before the LP (modafinil, n = 6; methylphenidate, n = 4; mazindol, n = 1; Xyrem, n = 1).
Cerebrospinal fluid samples were sent on dry ice to BioprojetBiotech, Saint Gregoire-France for HA and t-MeHA measurements.
The method previously described involves derivatization of primary amines using 4-bromobenzenesulfonyl chloride and subsequent analysis by reversed-phase liquid chromatography with mass spectrometry detection. 10, 11 The assay was linear in the concentration range of 50-5000 pmol/L for each amine (5.5-555 pg/mL for HA and 6.25-625 pg/mL for t-MeHA). CSF HA and t-MeHA levels were determined in all narcoleptic children (n = 24) and controls (n = 21). Intraassay variability was <11.0% over the tested concentration ranges. Blood contaminated samples were rejected from the measurement.
| Statistical analyses
Biological measures (HA, t-MeHA, t-MeHA/HA ratio, and hypocretin)
were log base 2 transformed to fit assumptions of parametric statistical tests. Delay from disease onset was dichotomized with the median of the distribution as threshold (ie, 2 years). Descriptive analyses were performed using chi-square and t tests. Fisher's exact tests and
Bonferroni corrections were performed when needed. Multivariable case-control analyses were performed using logistic regressions successively for HA and t-MeHA concentrations and the t-MeHA/ HA ratio. These models included age, gender, BMI z-score, and the significant variables in bivariate analyses. Due to the log base 2 transformation, odds ratio for biological measures should be interpreted as the odds for a 2-fold increase in the biological value. Multivariable linear regression analyses were performed among cases only and considered three models. Model M1 included the same variables as the case-control logistic regressions; Model M2 considered Model M1 and treatment intake; and Model M3 included Model M2 and the center. For these models, betas provided in the tables should be interpreted as the proportion of variation of the biological measure for 1 unit of the covariate. Significance was set at P < 0.05. Analyses were performed using SAS (SAS 9.4, SAS Institute Inc, Cary, NC, USA). Table 1 summarizes the characteristics of narcoleptic children and controls. In narcoleptic patients, the first symptom at onset was EDS.
| RE SULTS
| Descriptive analyses
Other symptoms were cataplexy (83%), hypnagogic hallucinations (71%), and sleep paralysis (33%). Forty-six percent were obese, and 100% were HLA DQB1*0602-positive. The results of the case-control descriptive analyses are also shown in Table 1 (see also Figure 4 ).
The cases had higher BMI z-scores than the controls (2.7 vs 1.0 P = 0.006). They also had higher CSF HA levels (771 vs 234 pmol/l, P = 0.0002) but lower CSF t-MeHA levels (879 vs 1924 pmol/l, P = 0.0009). The t-MeHA/HA ratio was lower in the cases than in the controls (1.1 vs 8.2, P < 10 −4 ). We also compared the control subjects with and without neurological pathologies, and we did not find a difference in HA (P = 0.68), t-MeHA levels (P = 0.32), and t-MeHA/ HA ratio (P = 0.85).
| Multivariable analyses
Multivariable case-control analyses showed a significant increase in CSF HA in the cases compared to the controls after adjustment for gender, age, and BMI z-score (Table S1 ). A significant decrease in CSF HA levels was found when BMI z-score increased among cases in all models (P ≤ 0.03), while this relation was not observed in the con- Table 2 ). T-MeHA levels and the t-MeHA/ HA ratio were significantly lower in the cases than in the controls after adjustment for gender, age, and BMI z-score. Adjustment for the center was not possible since children controls came from Lyon.
Case-only multivariable analyses allowed additional adjustment for treatment and center (Table 2) . Model M1 showed a significant decrease in the CSF HA level with the increase in BMI z-score and age ( Figure 1 ). These associations were partially accounted for treatment and center adjustments (models M2 and M3), but remained significant for the BMI z-score (P = 0.03, Model M3 On the other hand, we found a positive association between CSF t-MeHA levels and BMI z-score in the controls (beta = 1.20, P = 0.006; Figure 2 ) with a negative association between CSF tMeHA levels and age (beta = 0.90, P = 0.005; Figure 3 ).
| Effect of center
Significant clinical and biological differences were observed in narcoleptic children according to the recruitment center (Table S2 ). In F I G U R E 1 Histamine (HA) levels according to BMI z-score in case and control children. BMI z-score: body mass index z-score, CSF HA levels: cerebrospinal fluid histamine levels; cases: narcoleptic children (cases) are represented by black diamond-shaped figure (♦), control children by empty squares (□). A significant decrease in CSF HA levels was observed with the increase in BMI z-score among cases (P = 0.007), while no association was observed among controls (P = 0.31) (multivariable regression model M1)
Lyon, patients were more frequently treated before LP (P = 0.004), and they tended to be more obese (P = 0.10) with higher BMI zscore (P = 0.16) and had fewer hallucinations (P = 0.08), sleep paralysis (P = 0.08), and cataplexy (P = 0.10) than in Montpellier. They also presented lower CSF HA levels (P = 0.004) and lower t-MeHA levels (P = 0.04). However, the t-MeHA/HA ratio was not different between centers (P = 0.5). Lumbar puncture was done during PSG diagnosis procedure in Montpellier and with a delay from PSG diagnosis in Lyon (median 5 months [from 0.5 to 31]; P ≤0.0001).
However, no associations were found between LP delay and HA, t-MeHA, and t-MeHA/HA. No other differences were observed between the Lyon and Montpellier recruitment centers, especially for age, gender, delay from disease onset, and CSF hypocretin levels.
Nevertheless, statistical differences for HA levels were found for patients from both Lyon and Montpellier when compared to control children. Narcoleptic children had significantly higher HA levels were at the same levels but we lose statistical power. In multivariate models, the only significant association was observed between CSF HA and BMI z-score among narcoleptic children from Lyon.
F I G U R E 2 Tele-methyl-histamine
(t-MeHA) levels according to BMI z-score in case and control children. BMI z-score: body mass index z-score, t-MeHA levels: cerebrospinal fluid tele-methyl-histamine (t-MeHA) levels; cases: narcoleptic children (cases) are represented by black diamond-shaped figure (♦), control children by empty squares (□). A significant increase in CSF t-MeHA was observed with the increase in BMI z-score among controls (P = 0.006), while no association was observed among cases (P = 0.15) (multivariable regression model M1)
F I G U R E 3 Tele-methyl-histamine
(t-MeHA) levels according to age in case and control children. T-MeHA levels: cerebrospinal fluid tele-methylhistamine (t-MeHA) levels; cases: narcoleptic children (cases) are represented by black diamond-shaped figure (♦), control children by empty squares (□). A significant decrease in CSF t-MeHA was observed with age among controls (P = 0.005), while no association was observed among cases (P = 0.15) (multivariable regression model M1)
| D ISCUSS I ON
Narcolepsy during childhood provides the opportunity to evaluate the neurochemical changes at disease onset when the major symptoms such as sleepiness and cataplexy are prominent. In this study,
we found that hypocretin-deficient narcoleptic children had higher CSF HA levels, lower t-MeHA levels, and a significantly decreased tMeHA/HA ratio compared to control children. Further adjustments revealed a negative correlation between CSF HA levels and BMI zscore in cases only.
| Technical considerations and possible limitations
Small samples (24 patients vs 21 controls) were used in our study.
However, the patients were carefully selected; they were all children, hypocretin-deficient, and HLA DQB1*06:02-positive. We confirmed the absence of differences between HA levels and the presence of cataplexy, previous treatment intake, and lumbar puncture timing. Montpellier. This could be due to the difference in the age recruitment between the reference centers. Lyon is dedicated to pediatric patients, whereas Montpellier is a center for adults. However, the ratio t-MeHA/HA, reflecting the HA turnover, was similar in both groups of NT1 children (1.25 vs 1.02). Third, obtaining CSF samples in healthy controls was difficult since the parents and their children were reluctant. We then took advantage of CSF samples from patients in the emergency room or with a neurological disease for whom a lumbar puncture had to be performed while finally all CSF results were normal and the children were sent back home. Some neurological diseases were associated with high CSF HA levels, such as CNS inflammations or infections. 30, 31 However, our control children had lower HA levels compared with our narcoleptic patients that may underestimate our present findings. When comparing the control subjects with and without neurological pathologies, we did not find any differences in HA, t-MeHA, and t-MeHA/HA ratio. Four, the sleep-wake pattern fluctuates along the day especially in patients with narcolepsy 7, 11 and thus may affect the HA levels in cases of sleep/napping prior to lumbar puncture. However, in the primate model, the cisternal CSF HA levels remain stable against variation in sleep-wake compounds. 32 We also did not systematically evaluate sleepiness of the control subjects, nor had their CSF hypocretin levels measured. Therefore, to establish normative data on childhood CSF hypocretin, we analyzed its levels in 101 children recruited in the same way and no values were below 110 pg/mL. 33 On the other F I G U R E 4 Schematic graphics illustrating the pathway of histamine (HA) synthesis, release, and inactivation and our interpretation on the changes in the CSF HA and telemethylhistamine (t-MeHA) levels seen with the narcoleptic children. HA is synthetized solely by histidine decarboxylase (HDC) and inactivated, once released from terminals, by HA-Nmethyltransferase producing the direct metabolite t-MeHA. Bar presentation of HA and t-MeHA levels is based on the values given in Table 1 . Our narcoleptic children showed a marked increase in CSF HA, which unlikely indicates an upregulation of HA synthesis or/and release because of an accompanied marked decrease in t-MeHA. This concomitant increase in HA and decrease in t-MeHA lead to a remarkable decrease in the t-MeHA/HA ratio (7. 
Unlikely
Impaired HA turnover, hand, blood contamination was visually checked in all samples, and CSF samples with abnormal coloring were excluded from the study.
Standard biochemical CSF analyses were performed in control children, confirming no blood or cell contamination.
| Comparison with previous studies in adults
Literature concerning CSF HA levels in adult narcolepsy reported conflicting results. Lower CSF HA levels were previously reported in narcoleptic patients 7, 8 or patients suffering from EDS. 9 The major differences with our study could result from the different populations investigated with phenotype and age differences [7] [8] [9] and the different HA measurement methodology. 7, 8, 34 In fact, our study in children used a validated highly sensitive liquid chromatographicelectrospray/tandem mass spectrometric assay for simultaneous quantification of CSF HA and t-MeHA. 10 Lastly, these studies did not measure t-MeHA levels and so could not directly assess the turnover and dynamics of the HA transmission.
Using a similar method of measurement, 10,11 no significant differences in CSF HA and t-MeHA levels were found between adult NT1 patients and other etiologies of central hypersomnias. Yet, there were higher CSF HA levels in NT1 patients compared to neurological controls (709 vs 380 pmol/L; P = 0.014), 11 a difference that was attributed to age difference between the patients (28 years) and controls (54 years). 10, 11 In our present study, there was no age difference between the controls and narcoleptic children. Further studies should assess longitudinally CSF HA levels in children narcoleptics, its changes over time as a function of disease duration, and whether these variations are specific to narcolepsy type 1 or also to type 2.
| Metabolic changes and obesity associated with narcolepsy
We also found a negative association between CSF HA levels and BMI z-score in narcoleptic children, but none with the t-MeHA levels, t-MeHA/HA ratio, or the loss of Hcrt. In controls, CSF t-MeHA levels were positively correlated with the BMI z-score, but negatively with age, thus in favor of changes of the HA transmission and metabolism during the development. 35 As previously reported, 15, 18, 36 we found more obese subjects (>50%) in narcoleptic children than in adults.
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In animal studies, the lack of either Hcrt or HA leads to slight obesity, 4,37 whereas enhancement of Hcrt or HA transmission causes loss of appetite and promotes metabolic rate. 38, 39 Altogether, these data may suggest a complex involvement of HA and Hcrt deficiency in obesity associated with narcolepsy in children.
| Histaminergic neurotransmission and narcolepsy
In the mammalian CNS, HA is synthetized solely by histidine decar- animal models and narcoleptic patients. [40] [41] [42] Further studies should assess whether such an impairment occurs at the level of HA synthesis or release and whether it is specific to narcolepsy type 1, in order to determine how an impaired HA transmission is involved in the pathophysiology of narcolepsy.
The mechanisms underlying the impairment of HA transmission identified here in NT1 children remain to be further determined.
There is a general agreement that a deficient Hcrt transmission is the direct cause of narcolepsy and that Hcrt neurons constitute a direct and major excitatory source to HA neurons in addition to aminergic and cholinergic excitatory afferents. 3, 4, 23, 43 Our narcoleptic children were all Hcrt-deficient. Therefore, the lack of the Hcrt excitatory inputs to HA neurons should contribute, at least in part, to the observed impairment of HA transmission. Another hypothesis which remains to be tested would be that HA neurons are functionally affected by similar autoimmune procedures leading to destruction of Hcrt cells.
It remains unknown if the impaired HA transmission found in our patients with NT1 is related to the increased number of HDCpositive neurons reported in postmortem brain studies of adult patients with narcolepsy. 5, 6 Yet, it is not to be excluded that such impairment through homeostatic adaptive mechanisms could upregulate HDC in the hypothalamic neurons in order to compensate for the functional deficit of HA transmission, although such compensatory upregulation of HDC could be also triggered by the deficiency of the Hcrt system associated with narcolepsy in view of the close interaction between the two wake-promoting systems. 3, 4, 44 Animal studies also show clear association between the lack of HA and sleepiness. 3, 23, 37, 40 The present study could not establish a link between the decreased HA transmission with the narcolepsy-associated EDS, most probably due to the relatively small samples collected and the lack of PSG data of most patients at LP time. Nevertheless, the impaired HA transmission demonstrated here could explain why enhancement of HA transmission using H3 receptor inverse agonists can significantly improve EDS in both adult and child narcolepsy. [40] [41] [42] Serial analysis on HA and t-MeHA levels as well as those of other wake-promoting neurotransmitters from the beginning of the disease in a larger sample of patients with PSG data will be required in order to further clarify the role of HA in the pathogenesis of narcolepsy and notably EDS.
In conclusion, compared with the controls, NT1 children had a higher CSF HA level together with a lower t-MeHA level leading to a significant decrease in the t-MeHA/HA ratios. These results suggest a decreased HA turnover and an impairment of histaminergic neurotransmission in narcoleptic children and support the use of a histaminergic therapy in the treatment against narcolepsy.
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